We present a conceptual framework for evaluating the effect on the self-association of proteins in membranes due to (i) the presence of other proteins at high concentrations (excluded volume effect) and (i) the high concentration and preoriented state of the reactive species. We have calculated the magnitude of such effects using plausible values for the concentrations of proteins in membranes, for the degree to which proteins may tilt and move vertically, and for their dimensions. Compared to the association of monomers tumbling freely in an experimentally realistic volume, we calculate that these factors alone can increase the likelihood of forming dimers 106-fold and of forming trimers and higher oligomers many orders of magnitude greater. We discuss the implications of our calculations for experimental manipulations of membrane proteins, for biosynthetic assembly of multisubunit membrane proteins and formation of membrane lesions by assemblies of exogenous proteins, and for the activation of cellular events induced by the interaction of membrane receptors with themselves or with other membrane proteins.
oligomers many orders of magnitude greater. We discuss the implications of our calculations for experimental manipulations of membrane proteins, for biosynthetic assembly of multisubunit membrane proteins and formation of membrane lesions by assemblies of exogenous proteins, and for the activation of cellular events induced by the interaction of membrane receptors with themselves or with other membrane proteins.
Interactions between membrane-bound proteins play a significant role in a variety of cellular phenomena, including the transduction of signals across membranes, the transfer of membrane proteins between the plasma membrane and internal organelles, and the assembly of oligomeric protein structures. We wish to call attention to three generally unappreciated factors that can lead to a substantial enhancement of the extent of protein association in a membrane relative to that in solution.
(i) Membrane protein molecules occupy a substantial fraction of the total volume of biological membranes and as a result exclude a significant fraction of this volume to each other. Studies of protein association in vitro are conventionally carried out in solutions in which volume exclusion is negligible.
(ii) Integral membrane proteins have a preferred orientation relative to the plane of the membrane, whereas proteins in solution are randomly oriented.
(iii) Concentrations of membrane proteins are conventionally defined with respect to the entire volume of the membrane or cell suspension. However, the local concentrations of these proteins, which determine their thermodynamic activities, are substantially greater.
The purpose of this communication is to present simplified quantitative models for the effect of each of these factors upon association equilibria in membranes relative to solution and, by means of these models, to estimate the magnitude of effects that one might encounter under a variety of experimental conditions. Model Membrane The effects we wish to quantitate depend upon the composition of the membrane and the size and shape of the membrane components. Thus, it is necessary at the outset to specify a standard physical representation of an "average" biomembrane, which, although necessarily oversimplified, provides a starting point for calculation. We assume an average integral membrane protein that is transmembrane, has a molecular weight of 50,000 (1), and is a rigid cylinder with a diameter of 4 nm and a height of 5 nm. We assume 20,000 such protein molecules per Am2 of membrane, the remaining space being occupied (in the bilayer) by 2 million molecules of phospholipid and 1 million molecules of cholesterol (1) . These values as well as the values for the surface areas of phospholipids and cholesterol-0.63 nm2 and 0.35 nm2, respectively (2-5)-can be used to calculate the fractional occupancy of the membrane surface area by protein.
The value is 0.25. The representation is depicted schematically in Fig. 1 .
Model Association Reaction
We shall calculate the effect of each of the factors mentioned in the Introduction upon the apparent equilibrium constant, K,, for the formation of a single n-mer from n monomers:
[1]
Effect of Volume Exclusion in the Membrane
Theoretical and experimental studies ofthe effect ofexcluded volume in macromolecular solutions indicate that when the fraction of solution volume occupied by macromolecules exceeds a few percent, equilibrium constants characterizing interactions between macromolecules may be markedly different than in the limit of high dilution (6, 7) . The fraction of available volume occupied by cylindrical protein molecules in the previously defined model membrane is equal to the fraction of surface area occupied by the circular cross sections of these molecules. Thus, we employ a simplified theoretical model, described in Appendix A, which is a two-dimensional variant of the scaled particle model used previously to explore the effects of volume exclusion in solutions containing molecules freely moving in three dimensions.
To utilize this model we must specify the stoichiometry of the reaction to be examined and the relative size, shape, and fraction of surface area occupied by each membrane protein, including reactants, products, and unreactive species. Using Eq. AS we may then calculate the value of correction factor for nonideality denoted by Fexc, which is defined as follows:
let Ken be the value ofthe equilibrium constant for the reaction measured under conditions such that all protein species taken together occupy a negligible fraction (1%) of the membrane surface area. Then, the value of the equilibrium constant measured under conditions such that all protein species taken §To whom reprint requests should be addressed.
6258
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. the tendency ofdilute species to self-associate; (ii) the greater the number of molecules that associate to form an individual aggregate, the greater the degree of enhancement for a given fractional area occupancy; (iii) self-association of larger species is enhanced to a greater degree at a given area occupancy than self-association of smaller species.
Depending upon the -extent of self-association (i.e., the number of monomers per oligomer) and upon the relative sizes of the inert and self-associating species, the equilibrium constant for self-association may be increased by one or more orders of magnitude at a fractional area occupancy of 0.25 i.e., at the fractional area occupancy characteristic of our model cellular plasma membrane. together occupy a nonnegligible fraction of membrane surface area will be given by Kn = FexcK~n [2] We first consider the effect of the presence of a single class of cylindrical "inert" (i.e., non-self-associating) proteins occupying a significant fraction of membrane surface area upon Kn. The dependence of i', upon fractional area occupancy, calculated for the case that the circular crosssectional area of monomer (a,) is equal to that of the inert species (ainet), is plotted in Fig. 2A for several values of n. due to nonideality. In A the area occupied by individual "bystander proteins" (ar) was set equal to the area occupied by a monomer of the reactive species. In B the radius of the latter is 3-fold greater than the radius of the former. The curves show the calculated values for formation of dimers (n = 2), trimers (n = 3), etc.
Effect of Restricted Mobility
The entropy decrease associated with aggregate formation will be different for proteins confined to a membrane than for proteins in free solution. The magnitude ofthis difference can be approximated by calculating the molecular partition function for a particle in free solution and comparing it to that of the surface-bound particle. In these calculations, only the rotational and translational contributions to the free energy of the assembly process are considered-that is, solvent-solute interactions are neglected and the proteins are assumed to rotate and translate freely except for the restrictions on mobility imposed by the bilayer, which are modeled as infinitely high potential energy barriers (8) . Vibrational and electronic contributions to the partition function are assumed to be independent ofthe rotational and translational mobility. We also assume that the interacting species are asymmetric, having localized features such as that indicated by the shaded area in Fig. 1 .
Membrane proteins are biosynthetically inserted into bilayers with a preferred orientation, and this anisotropy is maintained by the hydrophilicity of protein domains exposed to the aqueous solution relative to the lipid membrane interior. The orientation of the model protein relative to the plane of the membrane is specified by the angle between the cylindrical axis and an intersecting axis normal to the plane of the membrane. We shall model restrictions on the rotational mobility of the membrane protein by specifying that all orientations with 6 less than or equal to a maximum value, designated AO, are equally probable (Fig. 1). (If AO were 1800, the rotation would be unrestricted.)
Using the appropriate molecular partition functions (Appendix B), one can calculate the free energy change for the association of n mol of monomer to form 1 mol of n-mer. The rotational contribution to the difference between the free energy of association occurring in the membrane and in solution is denoted by AGrot and is given by the Eq. B4.
One can define an enhancement factor, rot (similar to the factor rxc defined in the previous section), as a ratio of equilibrium constants:
A plot of trot versus AG is shown in Fig. 3 for dimerization (n = 2). Thus, the effect of restricted rotation on this reaction is to enhance formation of oligomer in a membrane relative to the same association occurring in free solution.
Membrane proteins are also restricted in translational mobility, which manifests itself as an increased local concentration. The fraction of the volume, V, of a suspension of membranes or cells accessible to membrane-bound species will be denoted by f. The local concentration will then be greater than the concentration averaged over the entire volume of the suspension (i.e., that measured experimentally) by a factor of 1/f. An apparent equilibrium constant measured using these average concentrations of reactants and products is Kapp = (Pn/V)/(P/V)n [4] for Pn n-mers and P monomers.
The equilibrium constant defined in terms of local concentrations is independent of f and will exceed the apparent equilibrium constant by a factor of rtrans = (1/J) 1.
[5]
The value of f is calculated as follows: Let us consider a suspension of volume V containing n, cells. Each cell has a membrane surface area of A, and a volume of V,. The volume accessible to membrane proteins will be equal to the total membrane surface area times an allowed displacement normal to the plane of the membrane, Az (shown schematically in Fig. 1 Fig. 3 for a monomer-dimer association of membrane proteins on the surface of cells of the same dimensions under these conditions.
Several points may be made regarding the curves in Fig. 3 . Plotting the enhancement factor on a logarithmic scale allows an easy assessment of the associated free energy at 37°. The free energy in kcal will be 1. (10) . Charged residues are found on either side of the hydrophobic sequence at an average distance of 1.7 residues from the membrane-spanning segment. Such hydrophilic residues will act as barriers to vertical movement of the peptide chain into the bilayer. This would then permit a displacement (Az) of only about 5 A [1.7 residues x (1.5 angstrom/residue) x 2]. Using the same values and similar reasoning, the allowed tilt (AO) is likely to be <100.
From the above considerations we may conclude that the net effect of localization, orientational restriction, and volume exclusion is to enhance a self-association of proteins in membranes, relative to the same association of the same proteins at the same average concentration in solution. The extent of enhancement may be calculated using an effective equilibrium constant that is greater than the reference equilibrium constant by a factor rtmns x rrot x rexc Some sample calculations are given in Table 1 The values listed in Table 1 show that the probability that interactive species will associate can be remarkably enhanced when the species are concentrated and preoriented in a membrane. In discussing our results we focus on three aspects: (i) the implications for experimental manipulations of membrane proteins, (ii) the implications for the biosynthetic assembly of multisubunit membrane proteins, and (iii) the implications for triggering of cell functions due to ligandinduced aggregation.
Experimental Manipulations. A common procedure for studying membrane proteins is to dissolve the membrane with mild detergents. It is apparent that this may disrupt protein-protein interactions of interest. In addition to the substantial dilution of the interacting species (11) the elimination of the enhancement due to the effects of excluded volume and of preorientation can markedly shift the equilibrium towards dissociation. This leaves entirely aside the effect of changing the solvent surrounding the proteins. If the sites by which the associating species interact are in the transmembrane segment, then ofcourse the change in solvent can have additional disruptive effects. That at least in some transmembrane proteins, the sequence spanning the bilayer is tightly conserved (12, 13) suggests that these segments may be the locus of such interpeptide associations. Reincorporating the reactive species in liposomes can reestablish the hydrophobic milieu, the high local concentration of the reactive species, and their preoriented state. However, as commonly performed, such reconstitutions do not take into account the excluded volume effect due to the presence of "bystander" proteins in the natural membrane. It can be seen from Fig. 2 A and B that the enhancement due to excluded volume in and of itself can become significant when higher order oligomers can form and if the interactive species themselves occupy a nonnegligible fraction of the space occupied by the total membrane proteins. For reconstituting such systems it may be useful to introduce a neutral "filler" protein into the reconstitution mixture to restore a more realistic milieu.
Assembly of Membrane Proteins. The effects of excluded volume, high concentration, and preorientation may provide significant driving forces for the biosynthetic assembly of oligomeric membrane proteins. Proteins may undergo a significant stabilizing conformational change when they become associated-sometimes dramatically so (14) . It is likely that such a change requires an energy of activation that must be exceeded to achieve the new low energy state. The factors we have considered will shift the equilibrium of weakly interacting monomers to the associated state and help to drive this process. The polymerization of exogenous proteins inserted into membranes, such as occurs during lysis mediated by complement (15) and perhaps by cytotoxic lymphocytes (16) , could be enhanced in an analogous manner.
Transmembrane Signaling. Certain cellular activities are initiated by the aggregation of receptors on the surfaces of cells. The aggregation of so-called "Fc receptors"-receptors that bind the Fc region of immunoglobulins-is a prime example (17) . In this instance the cellular events are initiated when the immunoglobulins are crosslinked by a multivalent antigen, the receptors bound to the immunoglobulin thereby necessarily becoming aggregated also. Here, the multivalence of the ligand provides the driving force for association. In systems where a monofunctional ligand can apparently induce such associations (18, 19) , the aggregation could result from ligand-induced conformational changes in the receptor that expose interactive sites or, alternatively, from ligand-ligand interactions. The effects we have considered can similarly influence ligands bound to the receptors-that is, ligand-ligand interactions might take place on the membrane that would not be observable in free solution. These interactions might indirectly drive the association between the binding proteins.
Finally, the effects we have analyzed are likely to be relevant to transmembrane transduction of signals. Here membrane receptors interacting with exogenous ligands initiate alterations in protein-protein interactions leading to the activation of membrane-bound enzymes that release products into the interior of the cell (20, 21 where ,' is a standard state chemical potential, which is independent of the composition of the system at constant temperature, R is the molar gas constant, T is the absolute temperature, ci is the concentration of species i in units proportional to number density (for example, g/cm2), and y is a composition-dependent activity coefficient, which reflects the energetics of intermolecular interaction between molecules of xi and all other solute species (6).
We define the apparent equilibrium constant for reaction Al as K-IHcf"/Hc,. The rotational contribution to Q will be (q,)N for N particles. The difference in free energy between an association of n monomers to form one n-mer in free solution where 6 = iX (1800) and in the membrane where 6 = AO, is given by: AG = (Gn-mer,Ae -nGmonomer,&O)
-(Gn-mer,180 -Gmonomer,180°)
[B3]
Therefore, for N = 1 mol, the rotational contribution will be
where By, Buk, and ... are constants at constant temperature, whose values are determined by the potentials of interaction between any given pair, triplet, and ... of solute molecules in the lipid solvent (22) . However, the evaluation of lnyi by means of Eq. A6 is prohibitively difficult in any but extremely dilute solutions. For this reason, recourse is made to approximate theories of hard particle fluids, which have proven to be useful in the evaluation of the activity coefficients of proteins in concentrated (three-dimensional) solutions (6) .
The present calculations were performed by using the scaled particle theory of Lebowitz et al. (9) for two-dimensional mixtures of hard disks, which is appropriate for our model of membrane protein molecules as cylinders whose cylindrical axes are parallel and whose centers of mass are coplanar. Consider a membrane containing a number density p, ofproteins of cylindrical radium rl, a density P2 of proteins of cylindrical radium r2, and so forth. According to the scaled particle theory, the activity coefficient of species i in this mixture of species is given by: Since all species must be represented by cylinders (disks), the approximation has been made that an oligomer formed from n cylindrical monomers may be represented by a cylinder of cross-sectional area equal to n times that of a monomer. [B4J
